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was	 validated.	 An	 electronic	 tongue	 based	 on	 the	 combination	 of	 eight	 metals	 with	 pulse	
















soya,	 almond,	 rice	 or	 oats,	 has	 been	 growing	 in	 recent	 decades.	 Compared	with	milk,	 they	 are	
perceived	by	consumers	as	healthier	food	products	that	allow	the	intake	of	calcium	and	proteins	
with	no	exposure	 to	 lactose	 (to	which	 some	people	are	 intolerant)	or	animal	 fat	 (that	 increases	
















tongues	 attempt	 to	mimic	 chemical	 senses.	 The	main	 goal	 is	 to	 sense	 complex	media,	 in	which	
thousands	 of	 chemical	 compounds	 interact,	 and	 to	 determine	 certain	 parameters	 of	 interest.	
Gardner	and	Bartlett	(1994)	defined	the	electronic	nose	as	an	instrument	that	comprises	an	array	
of	 electronic	 chemical	 sensors	 with	 partial	 specificity,	 with	 an	 appropriate	 pattern	 recognition	
system	capable	of	 recognising	simple	or	complex	odours.	Electronic	 tongues	are	similar	 systems	
used	to	recognise	liquids	(Legin	et	al.,	2002).	
Sensing	 strategies	 in	 electronic	 tongues	 and/or	 noses	 include	 potentiometric	 and	 voltammetric	
electrodes,	metal	oxide	semiconductors	(MOS),	the	quartz	crystal	microbalance	(QMB),	conducting	
polymers	(CP)	and	surface	acoustic	wave	sensors	(SAW).	Voltammetric	sensors	are	advantageous	
devices	 for	multicomponent	measurements	 thanks	 to	 their	 high	 selectivity	 and	 sensitivity,	 high	
signal-to-noise	ratio,	low	limits	of	detection,	and	their	various	measurement	modes	(square	wave,	













wine,	 coffee,	milk,	 juices),	 for	 the	 optimisation	 of	 bioreactors,	 ageing	 process	 controls	 (cheese,	























Then	 the	hydrated	 tiger	nuts	were	 filtered	and	 immersed	 in	a	hypochlorite	 solution	 (2%)	 for	30	









Directive	 ISO/TC	 34/SC	 12	 N254	 (currently	 ISO	 13299:2016	 Sensory	 analysis	 --	 Methodology	 --	
General	Guidance	 for	Establishing	a	Sensory	Profile).	Drinks	were	 tested	 in	duplicate	by	a	panel	
formed	by	45-57	semitrained	panellists,	who	had	to	score	each	drink	for	all	12	attributes	on	a	non-
structured	1-10	scale	with	 the	extremes	coded	by	 the	topics	defined	 in	Table	2;	e.g.,	 for	colour,	
extremes	were	light	beige	and	dark	beige.	With	major	or	minor	frequency,	all	the	members	of	the	





































were	 recorded	 per	 sample.	 Thus	 the	 electronic	 tongue	 dataset	 for	 the	 discriminant	 and	
quantification	studies	contained	944,640	points	(8	samples	x	3	replicates	×	39,360	current	values).		
2.5.	Data	analysis	















classify	 or	 group	 observations.	 PCA	 decomposes	 the	 primary	 data	 matrix	 into	 a	 new	 set	 of	
orthogonal	variables	called	principal	components	(PCs)	which	are	linear	combination	of	the	original	
variables.	 The	 first	 principal	 component	 (PC1)	 is	 the	 dimension	 along	 which	 observations	 are	
maximally	separated	or	spread	out.	The	second	principal	component	(PC2)	is	the	linear	combination	
with	maximal	variance	in	a	direction	that	is	orthogonal	to	the	first	principal	component,	and	so	on.	
Scores	are	 the	coordinates	of	 the	samples	 in	 the	new	principal	component	space	while	 loadings	
correspond	to	the	coordinates	of	the	principal	components	in	the	old	variable	space.	In	this	study,	
8	
PCA	was	applied	to	sensorial	and	electronic	 tongue	data.	 	 In	 the	case	of	electronic	 tongue	data,	
diversity	among	samples	was	also	assessed	by	an	unsupervised	hierarchical	cluster	analysis	(HCA)	
with	the	input	data,	and	Ward’s	method	as	it	minimises	the	total	within	cluster	variance.		
Partial	 Least	 Squares	 Regression	 (PLSR)	 is	 a	 type	 of	 MVDA	 employed	 for	 the	 generation	 of	
quantitative	 prediction	 models.	 PLSR	 is	 a	 multivariate	 projection	 method	 used	 to	 find	 the	
components	 of	 the	matrix	 of	 input	 X	 that	 describe	 relevant	 variations	 in	 input	 variables,	 while	
achieving	 the	 highest	 correlation	 with	 the	 objectives	 (Y)	 and	 providing	 the	 lowest	 weight	 to	
variations	that	are	irrelevant	or	related	to	noise	at	the	same	time.	Prediction	models	are	obtained	

























Means	and	standard	deviations	of	 the	sensory	panel	data	 for	 the	eight	 samples	 (soya,	oat,	 rice,	
almond	and	four	tiger	nut	drinks)	are	shown	in	Table	3a.	As	an	ANOVA	detected	some	significant	
nonnormality	in	the	data,	the	Kruskal-Wallis	test	was	performed	to	compare	the	medians,	and	the	
median	 notch	 option	 of	 the	 Box-and-Whisker	 Plot	 was	 used	 to	 determine	 which	 medians	 are	
significantly	 different	 from	 which	 others	 (P-value	 <	 0.05).	 Results	 are	 shown	 in	 Table	 3b.	
Furthermore,	compromise	scores	were	calculated	using	the	STATIS	methodology	(see	table	S1	in	
the	 electronic	 supplementary	 material)	 with	 values	 similar	 to	 those	 collected	 in	 table	 3a.	 As	
expected,	the	main	scores	for	the	aroma	of	tiger	nut	(AROMA)	and	for	the	typical	flavour	of	tiger	










































first	 three	PCs,	which	are	plotted	on	 the	X-,	Y-	and	Z-axes,	and	 represent	 the	 largest	 fraction	of	








are	 placed	 along	 the	 vertical	 axis	 (Figure	 3).	 This	 is	 a	 promising	 result	 and	 suggests	 that	 the	
voltammetric	electronic	tongue	presented	herein	can	be	a	suitable	tool	to	classify	vegetables	milks.	





The	 PCA	 study	 and	 the	 dendrogram	 show	 that	 the	 data	 obtained	 with	 the	 electronic	 tongue	











plotted	 together	 to	 evaluate	 the	 accuracy	 and	 precision	 of	 the	 created	 prediction	 models.	 A	
preliminary	evaluation	can	be	made	by	visually	 inspecting	the	difference	between	the	measured	
and	predicted	values.	Ideally,	the	predicted	values	should	lie	along	the	diagonal	line	to	indicate	that	
the	 predicted	 and	 actual	 values	 are	 the	 same.	 A	more	 rigorous	 analysis	 can	 be	 done	 from	 the	






some	 conclusions	were	 reached.	 For	 example,	 BODY,	HOMCOL	 and	GRANWG	with	 R2	 values	 of	
0.957,	0.940	and	0.975,	respectively,	which	were	all	relative	to	milks’	physical	characteristics,	were	
especially	 well	 predicted	 by	 the	 electronic	 tongue-multivariate	 analysis	 combination.	 On	 the	
contrary	STRANGE,	OLDFLAV	and	TYPFLAV	(R2	values	of	0.463,	0.549	and	0.710,	respectively),	which	






PLSR	 results	were	 consistent	with	 the	 conclusions	 of	 the	 correlation	 study.	 BODY,	 FILMWG	and	
GRANWG	presented	a	high	correlation	and	show	prediction	models	with	similar	quality.	The	same	
applies	 to	 AROMA	 and	HOMCOL	 that	 are	 highly	 negatively	 correlated.	 Finally,	 other	 two	 highly	
correlated	 attributes	 as	 OLDFLAV	 and	 STRANGE	 present	 poor	 results	 in	 the	 validation	 of	 their	
respective	PLSR	models.		





















milks	 and	 tiger	 nut	 milks	 were	 more	 similar	 to	 one	 another	 than	 the	 other	 vegetable	 milks.	
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Raw	material	 Origin	 Abbreviation	 Number	of	sensorial	
measurements	
Soya	 Commercial	 SOYA	 48	
Oat	 Commercial	 OAT	 56	
Rice	 Commercial	 RICE	 55	
Almond	 Commercial	 ALMOND	 57	
Tiger	nut	 Commercial	 TNA	 50	
Tiger	nut	 Commercial	 TNB	 47	
Tiger	nut	 Artisanal-Valencia	 VLC	 45	












































SOYA	 OAT	 RICE	 ALMOND	 TNA	 TNB	 VLC	 BFA	
AROMA	 2.4±0.9	 4.6±1.7	 2.6±1.5	 3.1±1.5	 5.5±1.7	 4.5±1.8	 5.4±1.9	 5.4±1.7	
BODY	 3.7±1.5	 2.6±1.4	 2.1±1.1	 4.0±1.1	 4.9±2.0	 3.7±1.6	 5.2±1.9	 6.0±1.9	
COLOUR	 7.8±1.2	 7.9±1.1	 1.2±0.8	 1.3±1.1	 4.8±1.5	 3.3±1.6	 3.9±1.8	 6.5±1.7	
FILMWG	 4.7±1.3	 3.5±1.7	 4.2±1.7	 5.0±1.4	 4.9±1.9	 5.5±1.5	 6.5±1.8	 7.3±1.4	
GRANWG	 3.3±1.3	 3.3±1.7	 1.8±0.8	 4.6±1.5	 4.7±1.9	 4.3±1.8	 4.6±1.6	 7.2±1.4	
HOMCOL	 7.9±1.0	 7.2±1.4	 8.8±0.5	 8.3±0.7	 6.8±1.3	 6.8±1.2	 6.9±1.6	 5.9±1.7	
OLDFLAV	 3.2±1.2	 3.5±1.7	 3.8±1.7	 2.4±1.1	 1.9±1.3	 1.1±0.5	 2.5±1.6	 7.0±1.9	
RESFLAV	 5.4±1.6	 5.4±1.5	 4.1±1.3	 3.8±0.8	 5.2±1.7	 3.8±1.5	 5.2±1.9	 6.8±1.9	
ROUGH	 4.5±1.6	 2.5±0.8	 3.1±1.3	 4.1±1.3	 3.2±1.8	 2.7±1.3	 4.0±2.0	 5.8±1.8	
STRANGE	 3.3±1.5	 5.5±0.6	 5.0±1.3	 4.5±1.4	 1.4±0.8	 1.6±0.7	 3.0±2.0	 7.1±1.6	
SWEET	 1.3±0.9	 3.4±1.6	 3.2±1.5	 7.7±0.9	 6.1±1.7	 5.4±1.6	 6.4±1.7	 3.3±1.7	






SOYA	 OAT	 RICE	 ALMOND	 TNA	 TNB	 VLC	 BFA	
AROMA	 2.4b	 4.4c	 2.1b	 3.1a	 5.8d	 4.5cd	 5.7d	 5.5d	
BODY	 3.5ace	 2.8c	 1.8b	 3.9a	 5.0ef	 3.9ae	 5.5df	 6.2d	
COLOUR	 7.9b	 8.1b	 1.2a	 0.7a	 4.7e	 3.2d	 3.8de	 6.8c	
FILMWG	 4.9a	 3.6b	 4.6ab	 5.1a	 5.3a	 5.6a	 6.6c	 7.5c	
GRANWG	 3.4ce	 3.3c	 2.0b	 4.5a	 5.2a	 4.3ae	 4.6a	 7.4d	
HOMCOL	 8.1a	 6.9cd	 8.9b	 8.5a	 7.0d	 6.8cd	 7.1d	 5.9c	
OLDFLAV	 3.3b	 3.8b	 3.9b	 2.3a	 1.9a	 1.1a	 2.4a	 7.2c	
RESFLAV	 5.5b	 5.2b	 4.2a	 3.7a	 5.2b	 3.7a	 5.6b	 7.0c	
ROUGH	 4.4a	 2.4b	 3.0bc	 4.0a	 3.1bc	 2.5b	 3.8ac	 5.6d	
STRANGE	 2.8e	 5.5b	 5.1ab	 4.5a	 1.3d	 1.5d	 2.7e	 7.0c	
SWEET	 1.4e	 3.7b	 3.1b	 7.9a	 6.4d	 5.4c	 6.6d	 3.4b	













R2	 RMSE	 a	 b	 Value	
range	
Aroma	of	tiger	nut	 5	 0.979	 0.4268	 0.9791	 0.0884	 1-10	
Body	 5	 0.982	 0.0966	 0.9824	 0.0711	 1-10	
Colour	 5	 0.973	 0.6375	 0.9729	 0.1228	 1-10	
Film	in	the	wall	of	glass	 4	 0.976	 0.1146	 0.9756	 0.1259	 1-10	
Granularity	in	the	wall	of	glass	 6	 0.985	 0.1073	 0.9853	 0.0619	 1-10	
Homogeneity	of	colour	 5	 0.984	 0.0452	 0.9841	 0.1129	 1-10	
Rancid	flavour	/	taste	of	old	 5	 0.977	 0.2180	 0.9771	 0.0744	 1-10	
Residual	flavour	 5	 0.966	 0.1126	 0.9662	 0.1690	 1-10	
Roughness	in	mouth	 5	 0.975	 0.0976	 0.9746	 0.960	 1-10	
Strange	aromas	 5	 0.973	 0.3057	 0.9727	 0.1049	 1-10	
Sweetness	 5	 0.976	 0.3462	 0.9758	 0.1108	 1-10	
Typical	flavour	of	tiger	nut	milk	 5	 0.989	 0.1375	 0.9890	 0.0462	 1-10	
Sensorial	attribute	 LV	
model	
R2	 RMSE	 a	 b	 Value	
range	
Aroma	of	tiger	nut	 5	 0.860	 0.1029	 0.8822	 0.4041	 1-10	
Body	 5	 0.957	 0.2852	 0.8838	 0.5877	 1-10	
Colour	 5	 0.806	 1.1455	 0.7567	 0.7129	 1-10	
Film	in	the	wall	of	glass	 4	 0.841	 0.4435	 0.9123	 0.5042	 1-10	
Granularity	in	the	wall	of	glass	 6	 0.940	 0.3980	 1.0793	 -0.2336	 1-10	
Homogeneity	of	colour	 5	 0.975	 0.1635	 1.0306	 -0.1375	 1-10	
Rancid	flavour	/	taste	of	old	 5	 0.549	 1.2580	 0.8860	 0.4965	 1-10	
Residual	flavour	 5	 0.781	 0.4424	 0.8939	 0.5338	 1-10	
Roughness	in	mouth	 5	 0.853	 0.4409	 1.0473	 -0.0746	 1-10	
Strange	aromas	 5	 0.463	 1.3132	 0.6548	 1.3826	 1-10	
Sweetness	 5	 0.607	 1.1915	 0.5677	 2.0427	 1-10	
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